Computer graphics has evolved into a mature and powerful field that offers many opportunities to enhance different disciplines, adapting to the specific needs of each. One of these important fields is the design and analysis of Urban Environments. In this article, we try to offer a perspective of one of the sectors identified in Urban Environment studies: Urbanization. More precisely, we focus on geometric and appearance modeling, rendering, and simulation tools to help stakeholders in key decision stages of the process.
INTRODUCTION
An important key topic omnipresent in the R + D agendas of national and international bodies is Urban Environment. Urban Environment encompasses many sectors. While it seems that here it is not an absolute agreement in how institutions identify the main problems, the following sectors are usually taken into account: Urbanization, Energy, Health, Mobility, Water, Sanitation, and Solid Waste. In turn, Urbanization includes many fields: technology, sociology, cultural heritage, among others.
Focusing in the technological context, computer graphics have witnessed an important evolution since the early digital cartography and CAD systems of the late 70s and the 80s. This evolution, together with the important increase in computing power (CPU and GPU) in the same time-frame and the availability of huge amounts of data, have enabled new computation and simulation possibilities, opening the door for a variety of research topics. Some of these topics arise as outstanding opportunities to improve the tools used in application areas that directly impacts virtual urban environments design, which in turn affects life quality in urban areas.
In this paper, we will focus on geometric and appearance modeling, rendering, and simulation tools for urban environments design and analysis trying to contribute to highlight some of their recent advances and challenges.
URBAN MODELING
A broad range of areas, such as games, movies or urban design require virtual 3D city models with detailed geometry. In particular, games have presented us with awesome urban landscapes, but in general these are created manually with hundreds of artists. Procedural modeling has proven to be effective for this task, offering a potential alternative to the labor-intensive modeling of traditional 3D techniques (Watson et al., 2008; Vanegas et al., 2010) . In recent years, after the seminal works by Parish and Müller (2001) and Müller et al. (2006) , we have witnessed a blossom in inverse procedural techniques, in particular applied to the recovery, capture and modeling of plants, trees, and urban models (Smelik et al., 2014) . Although the many improvements, there are still many open issues for future research, as described by Musialski et al. (2013) and Patow and Besuievsky (2013) . Some of these challenges and open problems for urban modeling include better tools for capturing and handling data, improved editing tools, dealing with irregular architecture, and specially handling real-world architecture, like the works from Gehry or Gaudí. Advancing on these challenges will have a direct impact on fields like architecture, where architects have recently started to use parametric and procedural tools to conceive sophisticated buildings (e.g., Advances in Architectural Geometry, 2014). See Figure 1 . Another example is GIS, where efforts are focused on extending current tools to incorporate 3D urban modeling, like in the case of Esri's acquisition of City Engine (http://www.esri.com/software/cityengine). A final area where we expect these techniques will have a profound impact is the new discipline of smart cities, where a careful combination of remote sensing technology, planning, networks and modeling tools could completely reshape the way planners conceive their tools (Aliaga, 2012) .
Another area that has received little attention (Weber et al., 2009 ) is time-dependent geometric modeling, as buildings and cities are not static objects in time, but are in a continuous evolution that exists simultaneously at different time scales. These time scales range from years for aging effects (see Appearance Modeling), up to decades and even centuries for large-scale urban changes, like in the case of a cathedral or a castle. They undergo not only changes concerning the entire building life-cicle (construction, refurbishment, merging, demolition, etc.) but also local changes that only affect some elements, like the façade or its columns. We cannot doubt of the large impact such tools will have in the humanities, affecting mainly art, history, and archeology.
www.frontiersin.org Closely related, urbanism is another area with a growing interest in modeling techniques, as they allow both to reflect the current urban situation and to predict future changes, including the study of alternative courses of action, as shown by Vanegas et al. (2012) .
APPEARANCE MODELING
Modeling urban environments not only means having precise geometric models but also appropriate material descriptions. In particular, representing the way materials interact with light, commonly referred as appearance, is key for generating realistic and convincing virtual city models.
One of the main difficulties in modeling material appearance is dealing with its high dimensionality, since it often involves changes over the spectral, directional, spatial, or even time domains. Urban models have the additional complexity of requiring hundreds or thousands of different materials along with their variations or textures. While recent efforts provide means to handle highly detailed models, they mostly consist of color information or simple reflection models (Kuang et al., 2013) . Hence, there is a need to provide richer appearances to such environments.
Real material reflectance exhibits complex behaviors that are difficult to capture with existing analytical representations. The use of measured data has thus gained widespread in areas such as the automotive industry, but its adoption for large-scale scenarios still requires appropriate approximations. One area that has raised interest in the community is representing reflectance by means of statistical models, which has connections with perceptual studies on material appearance. Nishino and colleagues have demonstrated that they are good candidates for approximating data and for image-based estimation (Lombardi and Nishino, 2012) . Further advances in this area are foreseen, since those descriptions need to be simplified in order to ease their manipulation and storage, as well as including more complex reflectance behaviors.
Incorporating temporal effects is also key for realistic environments. Most materials are affected by weathering and aging effects, which modify their appearance over time. Several tools are starting to appear to easily incorporate such effects for artists (Substance Painter, enRich), but completely lacking of physical accuracy. Simulation based on first principles is still computationally demanding, while capture-and-transfer methods are usually tied to the available exemplars. The use of historical data (e.g., in the form of photographs) has not been exploited yet, which could provide interesting insights on their appearance evolution.
On the other hand, hybrid solutions combining simulation with data-driven methods have only scratched its surface (Bosch et al., 2011) . See Figure 1 , middle. City models will require faster simulations, while the interplay between the environmental conditions and the presence of such effects stills needs of specific tools.
All data-driven methods require good acquisition approaches, and uncontrolled environments such as urban scenarios are in general problematic. Data is increasingly becoming available especially in the form of photographs, which can be exploited to recover appearance under several lighting and viewing conditions (Laffont et al., 2012) . Image-based reconstruction and depth estimation is also gaining significance with the presence of new devices that would facilitate this task (Venkataraman et al., 2013; SCENE, 2014) . Moreover, single-image acquisition is showing advances on recovering light and reflectance at the same time (Lombardi and Nishino, 2012) . All these advances will open interesting possibilities for easily capturing data, especially from hand-held devices.
Appearance modeling has important implications in diverse areas. In architecture and industrial design, it provides appealing images for costumers but also facilitates understanding for architects or interior designers. Other areas that would benefit from advances on this area include virtual prototyping, simulation and training, entertainment, and cultural heritage (Dorsey and Rushmeier, 2008) .
RENDERING
Computer generated images are useful for human beings and machines. In the first case, the images are intended to help the comprehension of the model (Vanegas et al., 2010) . Concerning machines, the synthetic images could be used to train and calibrate vision systems. To the best of our knowledge, this has not yet been studied in depth. We think it could be an important direction for further research in order to reduce the computational cost by means of replacing real testing environments by virtual ones (digital maquettes). An example of this Šlosár et al. (2014) is the design and test of high quality cameras for traffic control or security as well as for design and test of vision systems for autonomous cars.
Using a more or less sophisticated rendering technique depends on the application domain, where we must reach a compromise between speed and accuracy. An area where low rendering accuracy is sufficient is virtual environments where users interact with non-realistic virtual actors, as it has been proved that increasing rendering accuracy does not improve the quality of the perception Frontiers in Robotics and AI | Virtual Environments of presence (Slater et al., 2001) . Nevertheless, this kind of assertion may not be done for the rendering of urban environments. To sort out this, a new interesting research line would be to provide tools for tuning image realism in urban environments in order to highlight the real needs for synthetic images intended to improve driving simulators and security applications.
Despite managing urban scenes implies dealing with huge amounts of geometric data, the usability requirements of the application may permit to render with low image accuracy, so geometry can be simplified either in a preprocessing stage or on the fly during the rendering process. On another hand, objects closer or oriented toward the viewer require more details than others. So, different levels of accuracy will intervene in a single image. This introduces the well known Level of Detail (LoD) strategies which have been customized to urban scene geometry as well as to appearance models Clarberg et al., 2014 ). An alternative may be to think on the generation of a semantic LoD structure by means of associating different rendering parameters to the levels of another hierarchy. Then, the mixture of the different types of LoDs (geometry, rendering, and appearance) could be performed, offering a promising new focus to be explored. An example of appearance's LoD that could be further studied and customized to urban environments is a hierarchy of BRDFs (Tan et al., 2008) .
Many urban modeling systems are procedural tools. This feature can also be exploited during the rendering phase. Two different approaches may be mentioned. A strategy described by Steinberger et al. (2014) is to generate just the geometry needed to produce each image, based on geometric criteria. Another way is proposed by Besuievsky et al. (2014) , where the geometric elements are selected based on their sensitivity; i.e., depending on their effect on parameters like solar irradiation. Both approaches are opened to further research and analyzing the possible blending of them could lead on an original and powerful tool.
Graphics hardware (GPU) is used to perform many operations including rendering and model simplification (Steinberger et al., 2014) . This resource is essential to increase the image realism, offering adequate modeling and rendering capabilities for many applications; but the degree of realism still remains far from the one obtained for indoor scenes and small outdoor ones in interactive applications. Even though some contributions (See Figure 1) presented global illumination approaches (Argudo et al., 2012) , some problems are still open. We may group these problems in two categories: improving light transport mechanisms (LTM) and material effects (see Appearance Modeling). A research direction, we suggest to improve LTM is tailoring the concept of clustering in global illumination to urban environments, probably using a hierarchy of clusters.
URBAN SIMULATIONS
One of the areas where computer graphics may have its largest impact is on simulation quality, which would in turn result in a huge leap forward in other fields like comfort analysis, energy usage, and other positive aspects of urban life.
Urban Physics, in this context, refers to the study of a varied range of phenomena, like wind, sound, pollution, heat, illumination, and other phenomena that affect the living conditions in an urban landscape. Topics such as visibility and global illumination in urban areas were already discussed in Section "Rendering." However, all these effects correspond to the study of the short-wave range of the electromagnetic spectrum. On the other hand, the research community has just barely scratched the necessary methods for simulating longer wavelengths that represent heat transfer processes, mainly because of the inherent complexity of the simulation (Mirzaei and Haghighat, 2010) . In spite of the large degree of attention that Finite-Element Methods (FEM) have received for solving differential equations, in computer graphics there is a large deal of experience in meshing and remeshing techniques, hierarchical methods, and clustering techniques.
Although some first steps have been given in urban climate studies, for instance by Aliaga et al. (2013) , there is still much room for improvement. In general, Urban Physics deals with urban comfort, health and durability, referring respectively to pedestrian wind/thermal comfort, pollutant dispersion, and winddriven rain. For an in-depth survey of the discipline of Urban Physics, we refer the interested reader to the work by Moonen et al. (2012) . In particular, the case of air pollution is of considerable importance (Vardoulakis et al., 2003) , using numerical simulation methods to assess the pollution induced in air by factories or cars, and their impact on air quality in cities and rural landscapes. Although, to the best of our knowledge, there are no works in the field of computer graphics about these topics, we think meshing techniques and visualization tools can have a large impact on this area. A partial solution for this problem lies in the study of urban ecosystems, as already done by Beneš et al. (2011) . In particular, procedural modeling techniques (Watson et al., 2008; Vanegas et al., 2010) would also have a large impact given its ability to quickly model a large number of buildings with the required level of detail, which is a fundamental aspect for the simulations involved in these studies.
CONCLUSION
In this paper, we have offered a perspective of some geometric and graphical tools that arise as outstanding opportunities to improve urban environments design. We have underlined aspects of geometric and appearance modeling, rendering, and simulation that influence the quality and usability of the designed Urban Environments. We have also described some of the limitations of existing tools and we have proposed new research directions to improve current state of the art for modeling and using Urban Environments, so potentially contributing to improve citizens life quality. These research lines are not limited to such environments, but will contribute to other applications of geometric modeling and image synthesis.
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